number, diversity, and function of miRNA genes and the
identification of other genes that produce similar small All of these cDNA sequences precisely matched the C. elegans genome at least once, as determined by Blast antisense RNAs.
To identify as many of the C. elegans miRNA genes searches [37] to the WS83 version of the Wormbase C. elegans genomic sequence. Most of these sequences as possible, and to also identify other kinds of ‫22ف‬ nt endogenous RNAs expressed in C. elegans, we emwere represented by only one clone. Others (presumably from more abundant small RNAs) were represented by ployed phylogenetic comparisons of noncoding genomic sequences and large-scale sequencing of sizeas many as 128 independent clones (see Supplemental Data). About half (1496) of the ‫22ف‬ nt cDNAs correselected cDNA libraries. To permit the detection of novel classes of small RNAs that may have somewhat different sponded to the expressed (sense) strand of loci that encode longer, previously-identified coding or noncodbiogenesis than miRNAs, we generated the cDNA libraries by methods not dependent on the presence of the ing RNAs, and hence they were probably generated from degradation products of these longer RNAs (Table 1 ). 5Ј phosphate typical of Dicer products [8] .
Among the new small RNAs detected are 21 distinct A total of 746 other cDNA sequences precisely match genomic sequences antisense to predicted protein-codmiRNA sequences that were not previously described in C. elegans. We estimate the size of the C. elegans ing exons. More than 95% of these cDNAs only match exons, and no other location in the genome, suggesting miRNA gene family to be somewhat more than 100 distinct genes. About 80% of the C. elegans miRNA genes that these correspond to short RNAs produced by transcription of the protein coding genes themselves. (The are conserved in a related nematode, Caenorhabditis briggsae, and about 30% have apparent homologs in other approximately 5% of these cDNAs matched not only coding sequence but also other sequences not insects and/or vertebrates. In addition to miRNAs, we also identified 33 distinct members of a second class annotated as protein-coding. In many of these cases, the other matches seem to be rearranged gene fragof small RNA, which we call "tiny noncoding RNAs" (tncRNAs). tncRNAs are similar in length to miRNAs, but ments.) We interpret these 746 antisense cDNA sequences to represent endogenous siRNAs produced in unlike miRNAs, they are apparently not processed from short hairpin precursors and therefore are not counted the course of ongoing RNA-mediated interference (RNAi) in the worms from which the RNA samples were obamong the miRNAs [36] . However, like miRNAs, tncRNAs are transcribed from noncoding genomic sequence, and tained (see below). The other 715 cDNAs only match regions of the C. can exhibit developmentally regulated expression. tncRNAs also resemble miRNAs in their lack of precise elegans genome that lie between protein coding genes or within introns ( Table 1) . Most of these potential small complementarity to any worm mRNA. Therefore, tncRNAs could act in a fashion exemplified by the canonical noncoding RNAs were not detected by Northern blot hybridization (see Experimental Procedures), and so miRNAs, lin-4 and let-7, which regulate translation of mRNA targets through imprecise antisense base-pairing they have not been given a specific designation as small RNAs (Table 1 ). The noncoding transcripts that were [6, [22] [23] [24] [25] . Finally, we identified a third class of ‫22ف‬ nt RNAs in C. elegans that are produced directly from detected by Northern blot were miRNAs (Table 2 ) and another class of small RNA (Table 3) called "tiny noncodprotein coding sequences and are predicted to have precise antisense complementarity to messenger RNAs.
ing RNAs" (tncRNAs). tncRNAs are similar in length to miRNAs, but they have certain properties that appear These apparent endogenous siRNAs represent sequences from more than 500 different protein-coding to distinguish them from miRNAs (see below). genes. These results suggest that RNA-mediated gene silencing may be broadly deployed in normal worm cells Identification of 12 New C. elegans MicroRNA through the action of diverse classes of small RNAs.
Genes Table 2 have such a predicted hairpin precursor sequence (see Supplemental MaterimiRNAs, we generated cDNA libraries by using sizefractionated RNA from total worm RNA. RNA samples als). In many cases, a presumed precursor transcript of about 65-70 nt was detected by Northern blot, in addiwere treated with phosphatase prior to cloning, and cDNA synthesis was performed without a 5Ј RNA ligation tion to the ‫22ف‬ nt species. The precursor was usually a minor species compared to the ‫22ف‬ nt miRNA, alstep, obviating the need for a 5Ј phosphate on the RNA [8] . Sequences were obtained for 2957 small cDNA sethough in some cases the precursor predominated (see, for example, Figure 3C ), suggesting relatively inefficient quences that ranged in length from 17 to 28 nucleotides. processing. Intergenic cDNA sequences whose in vivo to each other and to a miRNA hairpin structure model. Among 36 known miRNAs that contain at least 19 nt of expression as an ‫22ف‬ nt RNA was confirmed by Northern identity between C. briggsae and C. elegans, 31 were blot, but for whom no satisfactory hairpin precursor included in the 288 candidate pairs with scores of 6.5 structure could be predicted with mfold, were classified or greater ( Figure 1A ; see also Supplemental Data). We as tncRNAs (see below; Table 3 ).
tested the other candidates in this range for expression by Northern blot hybridization by using probes to each Computational Identification of Nine New arm of the predicted C. elegans hairpin. Among these C. elegans MicroRNA Genes candidates, we confirmed the expression of six new Some miRNAs might have been missed by cDNA cloning miRNAs that were not among our cDNA clones and that because of their relatively low abundance or other fachad not been previously described ( Table 2 ). The likely 5Ј and 3Ј ends of the sixth computathe 10% of the C. briggsae genome that was then availtionally predicted miRNA (mir-124) are specified in [41] to search C. sequences. These sequences were further processed elegans genomic sequences for 22 nt blocks similar to as described in the Experimental Procedures to identify each of the known animal miRNAs (those previously candidate miRNA sequences that are conserved bepublished, plus those confirmed here). Up to ten mistween C. elegans and C. briggsae. This computational matches and one single-nucleotide deletion or insertion analysis yielded 6985 distinct pairs of C. briggsae and were allowed in the search pattern. All matches were C. elegans miRNA candidates that contained at least tested computationally by mfold to identify candidate 19 consecutive nucleotides of interspecific identity. As precursor structures, and these were scored for their described in the Experimental Procedures, each C. elesimilarity to a miRNA hairpin model as described above. gans/C. briggsae candidate pair was assigned a "hairpin 150 high-scoring candidates were tested by Northern blot hybridization, and the expression of three novel score" (Figure 1A ) based on the candidates' similarity miRNA genes was confirmed (Table 2) . Together, our cleotide that ordinarily contains a triple-G stretch at the linker/cDNA junction [8] . This could theoretically introtwo computational approaches identified nine new miRNA genes. Therefore, the results of our cDNA and duce a false 5Ј G if occasionally a fourth G were to be introduced at the junction; the extra G would go computational approaches bring the set of new miRNA genes to 21. These three methods, cDNA cloning, interunnoticed in cases such as mir-257, mir-258, and mir-262, where the genomic sequence contains a G at the specific genomic comparisons, and miRNA similarity searches, were complementary; several miRNAs were corresponding position. However, mir-257, mir-258, and mir-260 were each identified by more than one cDNA identified uniquely by each method.
Seven of the 21 new miRNAs appear not to be conclone, all of which contained the 5Ј G, so it is likely that in these cases, the 5Ј G is authentic. Our cloning served in C. briggsae. This fraction (33%) seems somewhat unusual because over all, only about 16% of the approach may be particularly efficient at capturing RNAs with a 5Ј G; 85% of the tncRNAs and siRNAs we identi-96 known C. elegans miRNAs are not conserved in C. briggsae [8, 9, 15]. Perhaps these seven miRNAs are fied contained a 5Ј G (Table 3 ; Supplemental Data). each relatively rare transcripts, since they were represented by only a few clones ( Table 2 ; Eϩ indicates expression detected in embryos and in early larval stages; the notation for putative precursor folds is the same as in Table 2 ; only the indicated four tncRNAs have predicted hairpin folds (see Figure 1 and Supplemental Data cDNAs and to be detected by Northern blots) and/or tion ( Figure 1A) . Confirmation of very low abundance miRNAs awaits the application of detection methods well conserved in sequence (permitting them to be identified by comparative genomics). However, there could more sensitive than Northern blots; also, higher-throughput assays for miRNA expression would allow for validabe another class of miRNA that are less abundant and that are not well conserved in sequence and secondary tion of greater numbers of computationally predicted candidates. structure between C. briggsae and C. elegans. These could lie still undiscovered among the noncoding cDNAs or computationally predicted candidates that we tested Families of Similar miRNAs Some microRNA genes are similar to each other in the by Northern blot but could not detect (Table 1) 
tncRNAs Share Some Properties with MicroRNAs but Are Not Processed from MicroRNA-like Hairpin Precursors
Some cDNA sequences were similar to miRNAs in that they were from genomic locations outside of the protein coding sequence and were detectable as ‫22-02ف‬ nt also Supplemental Data). However, these putative tncRNA precursor structures deviate significantly from the miRNA hairpins in key characteristics [36] ; for example, they Figure 1D ). We tested 16 of the for example, Figures 4A and 4C ). Our data do not address whether miRNA or tncRNA accumulation is regutncRNAs for whether their accumulation in vivo depends on Dicer activity, and in 13 cases, the tncRNA was ablated transcriptionally or posttranscriptionally. However, sent, and/or a larger precursor accumulated, in RNA from Dicer animals ( Table 3 ). This suggests the involvement of some sort of duplex structure in the biogenesis of these tncRNAs-perhaps a single-stranded foldback or a bimolecular duplex. Five of the 33 tncRNA sequences overlap previously identified longer, noncoding EST sequences, as annotated in Wormbase (Table 3) . Significantly, in all five cases, the tncRNA sequence is antisense to one or more of the overlapping EST sequences, suggesting that these particular tncRNAs may be siRNAlike molecules; in one case, (tncR32), ESTs are reported from both strands, consistent with a duplex precursor for tncR32.
Developmental Regulation of Small-RNA Gene Expression
A characteristic of C. elegans miRNAs is that they can exhibit temporal or tissue-specific patterns of gene expression [ 8, 9, 15, 16, 43] . Although many of the miRNAs and tncRNAs we tested displayed continuous expression during development ( Figures 3A and 4D) , seven of the 21 new worm miRNAs (Table 2) , and 18 of the 33 tncRNAs (Table 3 ) display distinct temporal changes in abundance. This behavior is consistent with possible ( 1) primarily embryonic (Figures 3C, 3E, and 3G) , (2) ated with developmental and cell cycle arrest or a signal triggered by feeding and/or growth. These differences in response to physiological signals could reflect functional distinctions; for example, regulation of the miRNA level by hatching could signify roles for the miRNA in cell cycle arrest, whereas feeding-dependent expression may reflect roles in the progression of larval development. (see Supplemental Data). Among these potential ‫22ف‬ nt duplexes, only a handful are relatively free of centrally located G::U base pairs. Thus, although it is conceivable in the case of mir-38, the ‫22ف‬ nt mature miRNA is dethat endogenous C. elegans miRNAs and tncRNAs have tected only in the embryo, whereas its precursor is more the potential to enter the RNAi pathway (were they to be uniformly expressed (Figures 3C and 3G) , suggesting artificially presented with a target containing a precise that the processing of a mir-38 precursor may be temposequence match), it seems that most of them do not rally regulated.
No Precisely Matched Antisense Targets for C. elegans MicroRNAs or tncRNAs
normally engage in RNAi of other RNAs, but probably Some miRNAs and tncRNAs exhibit postembryonic bind to their targets via incomplete base-pairing, as do downregulation after robust embryonic expression, lin-4 and let-7 [6, 7, 22, 23]. Based on an incomplete whereas others appear to be sharply upregulated postbase-pairing model for target recognition exemplified embryonically. The embryo-to-larva transition in C. eleby lin-4 and let-7, computational prediction of targets gans involves at least three steps: (1) a developmental for a given miRNA can easily yield more candidate target arrest at the end of embryogenesis; (2) hatching from genes than can be tested (our unpublished data). To the eggshell; and (3) a food-dependent coordinate initiadistinguish bona fide targets from irrelevant sequence tion of postembryonic cell cycles and developmental matches will require additional functional data about the programs. In the absence of food, hatched larvae remain small RNA and its candidate targets. in a developmentally arrested state, with cell cycles held in G0 and developmental pathways suspended. To characterize the developmental signals influencing embryoEndogenous Small Antisense RNAs Corresponding to Diverse C. elegans to-larva changes in small-RNA gene expression, we tested whether certain miRNAs or tncRNAs respond to Protein-Coding Genes It is striking that among the short cDNA sequences that a signal associated with hatching or with feeding. Accordingly, we performed Northern blot analysis of RNA correspond to protein-coding sequences, only 49 were from the sense strand of an mRNA, whereas 746 distinct samples from embryos, larvae hatched and held for 24 hours in the absence of food, L1 larvae fed on E. coli cDNA sequences are antisense to the coding strand of mRNAs (Table 1 ; see also Supplemental Data). The for 12 hours, and larvae fed for 18 hours (Figures 3D-3G ; Tables 2 and 3 ). Two distinct kinds of response were siRNAs that accumulate in C. elegans in response to exogenous dsRNA trigger are also primarily antisense observed: (1) temporal regulation by hatching only (for example, Figures 3D, 3E, and 3G) or (2) temporal regulato the targeted mRNA [44] , suggesting that the antisense sequences we identified represent endogenous siRNAs. tion that requires postembryonic feeding ( Figure 3F and reference [43] ). These results suggest that miRNA or A similar result was obtained for the plant Arabidopsis thaliana, where a significant fraction of ‫22ف‬ nt cDNAs tncRNA gene expression can be regulated by at least two physiological signals in L1 larvae: a signal associthat were analyzed corresponded to protein coding se- quences [13] . In the Arabidopsis case, cDNA sequences 41 distinct (although in some cases partially overlapping) cDNA sequences (Table 1) exceptionally dense association of tncRNAs, but because this degree of clustering does not seem to be Some C. elegans genes were represented by as many as nine distinct antisense cDNA sequences, suggesting typical of tncRNAs in general, the X cluster sequences are unclassified for the time being. that the corresponding mRNAs may be relatively more abundant and/or more avidly targeted by endogenous It is possible that with further analysis of the siRNAs, tncRNAs, and the X cluster small RNAs, differences and RNAi (Table 5 ). The antisense cDNA sequences from these genes also tended to include sequences that were similarities in their origins and functions will come into sharper focus. It will be particularly informative to deteridentified in multiple clones, consistent with the idea that these represent particularly abundant siRNAs. Indeed, mine what components of the RNA interference machinery are required for their accumulation. siRNAs and some of the endogenous siRNAs were detected as discrete ‫22ف‬ nt species by northern blot hybridization (our tncRNAs have intriguing structural similarities that could reflect common origins and/or functions; about 85% of unpublished data), indicating that they accumulate in vivo.
the tncRNAs (Table 3 ) and 85% the siRNAs (Supplemental Materials) begin with a 5Ј G; also, the siRNA and A peculiar locus on Chromosome X ("X cluster") extends about 2000 bp upstream of F47E1.1 and contains tncRNA sequences average about 20 nt in length, signifi- Although the lack of phylogenetic conservation of miRNA genes for which genetic mutations, and hence tncRNAs may cast some doubt on the potential imporfunctional data, was available in any organism [6, 7] . tance of these RNAs as regulatory molecules, many of Conservation of the temporal profile of let-7 in diverse the tncRNAs exhibit potentially interesting temporal patanimals suggested conservation of its timing role [16] .
terns of expression (Figure 4 ), suggesting that they could However, in principle, miRNAs could function in profunction in developmental pathways. Like miRNAs, cesses other than developmental timing, a supposition tncRNAs are not precisely complementary to the RNA that is supported by the observation that many of the products of other genes, so they are not likely to function worm miRNAs are apparently not temporally regulated as siRNAs. Some of them could act similarly to miRNAs, during worm development (Table 2; 
